The present publication investigates the performance of nanocrystalline Ni (15 wt.%)-doped α-Fe 2 O 3 as an effective nanomaterial for the removal of Cd(II) ions from aqueous solutions. The nanocrystalline Ni-doped α-Fe 2 O 3 powders were prepared by mechanical alloying, and characterized by X-ray diffraction and a vibrating sample magnetometer. Batch-mode experiments were realized to determine the adsorption equilibrium, kinetics, and thermodynamic parameters of toxic heavy metal ions by Ni (15 wt.%)-doped α-Fe 2 O 3 . The adsorption isotherms data were found to be in good agreement with the Langmuir model. The adsorption capacity of Cd(II) ion reached a maximum value of about 90.91 mg g À1 at 328 K and pH 7. The adsorption process kinetics was found to comply with pseudo-second-order rate law. Thermodynamic parameters related to the adsorption reaction, free energy change, enthalpy change and entropy change, were evaluated. The found values of free energy and enthalpy revealed a spontaneous endothermic adsorption-process. Moreover, the positive entropy suggests an increase of randomness during the process of heavy metal removal at the adsorbent-solution interface.
INTRODUCTION
Nanomaterials have attracted increasing attention because of their immense potential technological applications (Sun et al. ; Pankhurst et al. ; Boal ; Sun ) . Among these applications, the use of these nanomaterials (NMs) for the adsorption of heavy metals from aqueous solutions has attracted extensive research interests. NMs have been reported to offer considerable potential for wastewater treatment and offer several advantages, such as cost-effectiveness, improved efficiency, and eco-friendliness, because of their excellent properties (Grossl et al. a Iron oxide nanoparticles have attracted vast research interest in wastewater treatment because of their large removal capacity and high reactivity. Goethite (α-FeOOH) and hematite (α-Fe 2 O 3 ) have been found to be efficient for the removal of heavy metals from water/wastewater (Grossl et al. a, b; Chen & Li ) . Other magnetic NMs, such as amorphous hydrous Fe oxides (Fan et al. ) , maghemite (γ-Fe 2 O 3 ) (Hu et al. ) and magnetite (Fe 3 O 4 ) (Hu et al. ) , exhibited high efficiency. Moreover, the use of iron oxide nanoparticles fabricated by mechanical milling presents several advantages, including being an easy-to-use and cost-effective method and the formation of nanoparticles that present fresh surfaces with the creation of structural/ microstructural defects. Our group recently investigated the adsorption of heavy metal ions from aqueous solution by nanocrystalline Ni-doped α-Fe 2 O 3 obtained by mechanical alloying (Lemine et al. ) . We showed that the obtained nanocrystalline powders are highly efficient adsorbents for Cd, Co, and Ni ions in aqueous solutions. We also found that Ni-doping concentration affects the efficiency of heavy metal adsorption. We showed that Ni-doped Fe 2 O 3 with 15 wt.% is a highly efficient sorbent for Cd, Co, and Ni from aqueous solutions, and is more efficient for removing Cd(II), Co(II), and Ni(II) than Cr(VI).
In this paper, our investigation was focused on the sample Ni (15 wt.%)-doped Fe 2 O 3 , which exhibited high efficiency in the removal of heavy metals from wastewater (Lemine et al. ) . The effects of pH, temperature, and initial Cd(II) concentration were studied in details. Different models were proposed, i.e., the Langmuir and Freundlich models for sorption isotherm data, as well as first-and second-order equations for kinetic data. Kinetic parameters and thermodynamic values (free energy change, enthalpy change, and entropy change) were also evaluated and discussed.
MATERIALS AND METHODS

Sample preparation and characterization
Commercially available powders of hematite (α-Fe 2 O 3 , 99% Merck) and Ni (99% Merck) metal were used. Different concentrations of Ni with a fixed molar amount of α-Fe 2 O 3 were introduced into a stainless steel vial with stainless steel balls (12 and 6 mm in diameter) in a SPEX 8000 mixer mill. The balls-to-powder mass ratio was fixed at 10:1, and milling was carried out for a 5-hour period (Lemine et al. ) .
Structural characterization was performed using a Rigaku Ultima IV high resolution X-ray diffractometer equipped with Cu-Kα radiation (λ ¼ 1.5418 Å). Magnetic measurements were performed at room temperature using a LakeShore 640 model vibrating sample magnetometer (VSM) equipped with a 2 tesla magnet.
Adsorption study
Preparation of Cd(II) ion solutions
The stock solution (1,000 mg L À1 ) of Cd(II) was prepared by dissolving cadmium nitrate (Cd(NO 3 ) 2 ) in distilled water. Furthermore, the required concentration of cadmium ions was obtained by successive dilutions. All reagents of analytical grade were purchased from Sigma-Aldrich and used as received (Khezami et al. ) .
Analysis of Cd(II) ion adsorption
Batch experiments were performed by mixing 10 mg of Ni (15 wt.%)-doped Fe 2 O 3 with 25 mL of ion cadmium solution in a 50 mL Erlenmeyer flask at a known pH and temperature. The mixtures were stirred by a magnetic stirrer (600 rpm) for 3 hours. A 15 mL portion of the suspension was obtained from each flask, centrifuged at 6,000 rpm for 10 minutes, and then filtered through a 0.45 μm cellulose acetate syringe filter. The initial cadmium ion concentration ranged from 20 to 120 mg L À1 , the pH values from 3.0 to 7.0, and temperature from 25 to 55 W C. The initial pH was adjusted with 0.1 M NaOH and HNO 3 solutions (Khezami et al. ) . The Cd(II) concentration in the filtrate was measured by inductively coupled plasma-atomic emission spectrometry (Spectro genesus ICP-OES). All experiments were performed in duplicate, and the average values are reported in this document. The amount of adsorbed solute q e was determined according to Equation (1):
where C 0 is the initial concentration (mg L À1 ), C e is the metal concentration at equilibrium (mg L À1 ), m is the mass of milled doped nanopowder, and V is the volume of the pollutant solution (L). The sorption data of cadmium ions are correlated to the theoretical models of Langmuir and Freundlich:
The parameter C e is the equilibrium concentration of the solute in the bulk solution (mg L À1 ), q e is the amount of metal ions adsorbed per unit mass of adsorbent (mg g À1 ),
Q 0 represents the solid phase concentration corresponding to the complete monolayer coverage of adsorption sites (Huang & Smith ) , and b is the Langmuir constant, which is related to the free energy of adsorption. Values of Q 0 and b can be graphically determined from the linearized and rearranged Langmuir equation (Equation (2)). k and n are constants that can be related to the strength of the adsorptive bond and the bond distribution, respectively (Gupta et al. ) . The values of k and n are, respectively, obtained from the intercept and slope of the linear plot of ln(q e ) versus ln(C e ) (Equation (3)). The constant k can be defined as a sorption coefficient that represents the quantity of adsorbed metal ions for a unit equilibrium concentration (i.e., C e ¼ 1). The slope, 1/n, is a measure of the sorption intensity or surface heterogeneity (Benjamin ). For n ¼ 1, the partition between the two phases is independent of concentration. The situation n > 1 is the most common and corresponds to a normal Langmuir isotherm, i.e., of L-type, whereas n < 1 is indicative of cooperative sorption (Haghesresht & Lu ) , which involves strong interactions between the molecules of adsorbate themselves. The essential characteristics of a Langmuir isotherm can be expressed in terms of a dimensionless separation factor, R L , which describes the type of isotherm:
C 0 being the initial concentration of the pollutant in solution. The R L value implies whether the adsorption is either unfavorable (
Sorption kinetics is included among the important physico-chemical parameters that are used to define the type of sorption and evaluate the process of sorption. To investigate adsorption kinetics, two kinetic models were adopted and tested, namely, a pseudo-first-order and a pseudo-second-order kinetic model.
The first-order model can be linearly expressed as follows:
where q e and q t (mg g À1 ) are the adsorption capacity at equilibrium and at contact time t (min), and the parameter k 1 (min À1 ) represents the rate constant of the pseudo-firstorder model. The values of k 1 and q e are determined from the slope and the intercept of the plot of ln (q e À q t ) versus t, respectively. The linearized form of the pseudo-second-order model is expressed as:
where k 2 is the pseudo-second-order rate constant (g mg
). Pseudo-second-order kinetics shows a linear plot of t/q t versus t. The parameter q e is easily deduced from the slope, whereas the value of k 2 can be calculated from the linear intercept or from the half-absorption time, t 1/2 . The half-adsorption time, which is characteristic of adsorption rate, is the time required to uptake half of the maximal amount of Cd(II) adsorbed at equilibrium.
The value of t 1/2 is calculated in the case of a pseudosecond-order process by the following relationship and listed in Table 2 :
The thermodynamic parameters of free energy change (ΔG 0 ), enthalpy change (ΔH 0 ), and entropy change (ΔS 0 ) of cadmium adsorption by Ni-doped α-Fe 2 O 3 are calculated using the following equations:
The values of the equilibrium constant K a at different temperatures were calculated by the equation K a ¼ Q 0 ·b. The value of enthalpy change ΔH 0 is determined from the slope of the linear curve of lnK a versus the reciprocal temperature (1/T ).
RESULTS AND DISCUSSION
Structural and magnetic properties Figure 1 shows the X-ray diffraction (XRD) patterns for α-Fe 2 O 3 as received, doped with 15% Ni, and milled for 5 hours. As can be seen in the figure, α-Fe 2 O 3 peaks remain after milling, and the formation of a new phase, which was indexed as nickel ferrite phase (NiFe 2 O 4 ), occurred. A solid state reaction occurred between Ni and Fe 2 O 3 to form NiFe 2 O 4 phase. We also observed that the main diffraction peaks of α-Fe 2 O 3 phase became remarkably broader, and their relative intensity decreased after milling. These findings are mainly due to crystallite size reduction and accumulation of microstrain during mechanical milling. Notably, the main peak of hematite changes its position with Ni concentration. The peak position has shifted to lower angles, indicating volume expansion of the lattice. This result can be associated with lattice parameter changes due to milling and formation of the nickel ferrite phase. Figure 2 shows the hysteresis loop measurements performed at room temperature of the mixture before and after milling. The values of different magnetic parameters are reported in Table 1 . An obvious room-temperature hysteresis behavior is clearly observed for both samples. The saturation magnetization of doped sample is 1.3 emu, which is higher than the saturation of α-Fe 2 O 3 (0.862 emu). After milling, the saturation increases (2.4 emu) as well the coercivity and remanence. This change in magnetic properties after milling may be due to the formation of NiFe 2 O 4 ferrite, which is confirmed by XRD results. It is important to highlight that the above change in magnetic properties of the mixture after milling will have a direct effect on the adsorption properties.
Adsorption of Cd(II) ions
Effect of initial metal ion concentrations
The effect of the initial concentration on the Cd(II) is investigated in the range of 20-120 mg L
À1
. If the amount of Nidoped α-Fe 2 O 3 in the suspension is equal to 0.6 g L À1 , 98%
of the initial Cd(II) with a concentration of 20 mg L À1 is removed; whereas, if the initial concentration is about 120 mg L À1 for Cd(II) ions, the amount removed drops to 79%. Moreover, when the initial concentration ranges from 20 to120 mg L À1 the amount of cadmium metal ions removed drops gradually from 98% to 79%, respectively. Therefore, the uptake of Cd(II) is strongly concentrationdependent in particular for higher initial concentration.
Effect of pH on metal removal
To examine the effect of pH on Cd(II) uptake, three pH values of 3, 5, and 7 are investigated at a temperature of about (25 ± 1) W C and for concentrations of Cd(II) ranging between 20 and 120 mg L À1 . Contact time has been fixed to 3 hours for all experiments. As can be clearly noticed from Figure 3 , the adsorption efficiency of Cd(II) increases with increasing pH of the solution and the maximum adsorption is attained at neutral pH (pH 7). Mohapatra et al. () have reported similar results for their investigation of the removal of Pb(II), Cd(II), Cu(II), and Co(II) ions by nanostructural goethite. The observed uptake of cadmium significantly decreases at pH 8, which could be explained by the precipitation of Cd(II) as hydroxides in alkaline medium rich in hydroxide anions (i.e., Cd 2þ þ 2OH À ! Cd(OH) 2 ) at pH ranging from 8 to 11.
Kinetic study
The evolution of the sorption data of Cd(II) ions as a function of time is illustrated in Figures 4(a) and 4(b), respectively. As can be concluded from Figure 4 (a), after a rapid initial rise of the adsorption q t (about 5 minutes), equilibrium is almost reached within 40 minutes. The validity of kinetic models is dependent upon the magnitude of the regression coefficient, r 2 , given in Table 2 . Notably, for a pseudo-first-order model, correlation coefficient was equal to 0.58, which indicated poor correlation. Furthermore, the application of a pseudo-second-order model led to much better regression coefficients, equal to 0.997 (Table 2 ). Experimental and calculated values of q e were also very close, as indicated in Table 2 ; thus, the pseudosecond-order kinetic equation was well suited to model the sorption curves of Cd ( 
Adsorption isotherms
To study the effect of temperature on the removal of Cd(II) from solution, three constant temperature levels of 25, 40, and 55 W C were tested. The uptake of Cd(II) by nanocrystalline Ni-doped α-Fe 2 O 3 at three different temperatures is modeled using the Langmuir and Freundlich linear equations. The Langmuir Q 0 , b and R L coefficients, the Freundlich k and n coefficients, and the regression coefficients r 2 are reported in Table 3 . Considering the values of Q 0 and k, the efficiency of nanocrystalline Ni-doped α-Fe 2 O 3 for the removal of Cd(II) increases with the increase in temperature ( Figure 5 ). This result may be explained by two main effects of temperature on the adsorption process. In fact, an increase in temperature is known to increase the diffusion rate of the adsorbate molecules across the external boundary layer and in the internal pores of adsorbent particles, and to decrease the solution viscosity.
Regarding the correlation coefficients in Table 3 , the experimental data fitted the Langmuir isotherm better than the Freundlich isotherm for the adsorption of Cd(II) ion. Thermodynamic parameters Table 4 summarizes the results of thermodynamic parameters. The positive ΔH 0 value, determined from the linear curve of Figure 6 indicates the endothermic nature of the adsorption process of Cd (II) 
CONCLUSION
In this research work, we investigated nanocrystalline Ni (15 wt.%)-doped α-Fe 2 O 3 as a highly efficient nanomaterial for the removal of Cd(II) ions from aqueous solutions under optimum experimental conditions. Equilibrium adsorption data are well fitted by both Freundlich and Langmuir models, but the Langmuir model yields a more successful fit than Freundlich. The maximum adsorption capacity of cadmium ions was found to be 90.91 mg g À1 under pH 7 and temperature of 328 K. Furthermore, the adsorption kinetics was governed by the pseudo-secondorder rate law. In addition, the evaluated thermodynamic parameters indicated that the adsorption process of Cd(II) ions on Ni-doped α-Fe 2 O 3 is spontaneous and endothermic. 
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